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SEMICONDUCTOR DEVICE HAVING A THIN
FILM STACKED STRUCTURE

RELATED APPLICATIONS

The present application 1s a U.S. National Phase Applica-
tion of International Application No. PCT/IP2010/002371
(filed Mar. 31, 2010) which claims priority to Japanese Patent
Application Nos. 2009-0861350 (filed Mar. 31, 2009) and
2009-237661 (filed Oct. 14, 2009) which are hereby 1ncorpo-

rated by reference in their entirety.

TECHNICAL FIELD

The present invention relates to a semiconductor device,
and more specifically relates to a semiconductor device such
as a high electron mobility transistor (HEMT) suitable as a
transceiver amplifier for satellite broadcasting and a high-
speed data transmission element as well as a highly sensitive
magnetometer and the like.

BACKGROUND ART

Generally, a HEMT 1s known as a high-frequency element
in the GHz band, which 1s represented by a transceiver ampli-
fier for satellite broadcasting and the like. A typical example
thereol includes one using a GaAs layer as an electron trans-
port layer (GaAs-based HEMT). This utilizes a two-dimen-
sional electron gas layer accumulated at a heterojunction
interface formed on a GaAs substrate between AlGaAs serv-
ing as an electron supply layer and GaAs serving as an elec-
tron transport layer. Since electron mobility and electron satu-
ration velocity 1s high 1n comparison with S1, GaAs 1s capable
of operating a HEMT at high speed.

Here, a metamorphic-HEMT (mHEMT) 1s a HEMT in
which the substrate material and the electron transport layer
greatly differ from each other in lattice constant. In a case
where the substrate and the electron transport layer greatly
differ from each other 1n lattice constant, 1f the electron trans-
port layer 1s formed directly on the substrate, lattice defects
are generated, resulting 1n a problem that high electron mobil-
ity cannot be obtained. Thus, it 1s important to reduce this.
Moreover, 1n the mHEMT, the larger the AEc at the hetero-
interface between the electron supply layer and the electron
transport layer, the greater the maximum value of the electron
concentration in the electron transport layer. This contributes
to an improvement 1n the element properties. Further, AEc
influences the electron distribution 1n the electron transport
layer. The electron distribution with small AEc and the elec-
tron distribution with large AEc are illustrated in FIG. 1A and
FIG. 1B, respectively. In FIG. 1A, electrons are concentrated
near the heterointerface between the electron transport layer
and the electron supply layer. This trend becomes prominent
as the amount of donor impurity doped 1s increased. In con-
trast, in FIG. 1B, even if the amount of donor impurity doped
1s 1ncreased, electrons are located relatively away from the
heterointerface. Since the vicimity of the heterointerface 1s
susceptible to the iterface roughness and the like, the elec-
tron mobility 1s expected to be higher in a case where elec-
trons are located away from the heterointerface than a case
where the electrons are concentrated near the heterointerface.
In other words, the electron mobility 1s expected to be
improved with large AEc.

From the above, to obtain an In_Ga,__ As electron transport
layer with a high electron mobility 1n the mHEMT, the fol-
lowing two points are important: to suificiently reduce the
difference 1n lattice constant between the substrate and the
clectron transport layer; and to increase AEc at the heteroint-
erface with the electron supply layer.
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Meanwhile, Patent Literature 1 discloses a stacked struc-
ture 1n which an Al Ga, AsSb layer (0.3<y=0.8) and an
In Ga,_ As layer (0.2=y=0.9) are sequentially formed on a

GaAs substrate or a S1 substrate and further an Al Ga,_ AsSb
layer (0.3<y=0.8) 1s formed on the layers.

Further, Non-Patent Literature 1 discloses a thin film
stacked structure 1n which an AlGaAsSb step-graded buffer

layer with discretely varied lattice constant 1s used as a bulifer
layer to reduce the difference in lattice constant between a
(GaAs substrate and an In, {Ga, ,As electron transport layer.
In the stacked structures in Patent Literature 1 and Non-Patent
Literature 1, AlGaAsSb 1s used for both of the butler layer and
the electron supply layer with respect to the InGaAs electron
transport layer. Since AlGaAsSb 1s low 1n electron aflinity in
comparison with InAlAs and InAlGaAs that are widely used
in InP-based HEMT's and the like, large AEc can be achieved.

Additionally, Patent Literature 2 discloses using a stacked
structure with an InAlAs layer adjacent to an InGaAs electron
transport layer and an Al Ga,  As Sb, _ layer (0.83=y=l1)
adjacent to the InAlAs layer as an electron supply layer to
increase AEc.

However, 1n the stacked structures in Patent Literature 1
and Non-Patent Literature 1, particularly the AlGaAsShb
buifer layer for reducing the difference in lattice constant
between the substrate and the electron transport layer needs to
have a thickness of at least 0.5 um, or 1 um or larger in some
cases. AlGaAsSb 1s likely to be oxidized in comparison with
InAlAs and InAlGaAs that are widely used 1n InP-based
HEMTSs and the like. Also, AlGaAsSb i1s difficult to perform
mesa etching for element 1solation, selective recess etching
for exposing the surface of AlGaAsSb to form a gate elec-
trode, and the like. These lead to a problem that the element
fabrication process becomes diflicult. These problems
become more prominent as the thickness of the AlGaAsSh
layer 1s increased larger and larger.

Furthermore, with the stacked structures described 1n these
documents, the InGaAs electron transport layer does not have
suificient electron mobility. FIG. 2 illustrates a relationship
between sheet electron density and normalized electron
mobility 1in three types of stacked structures (A), (B), and (C).
The sheet electron density i1s controlled by changing the
donor impurity concentration. In the stacked structure (A), an
Al, :,Ga, 4,As, ,Sb,, ¢ layer with a thickness of 0.6 um, an
In, <Ga, ,As layer with a thickness of 20 nm, a Sn-doped
Al, ,Ga, 4,As, ,Sb,, ¢ layer with a thickness of 35 nm, and
an In, sGa, ,As layer with a thickness of 10 nm are sequen-
tially stacked on a GaAs substrate. The stacked structure (B)
1s one described 1n Non-Patent Literature 1, in which the
AlGaAsSb step-graded layer 1s used as the buffer layer. The
values 1n the literature are used as the electron mobility values
herein without any change. In the stacked structure (C), an
In_Al, ;Ga, 5 As (x=0—0.7) graded layer with a thickness
of 1 um, an In, ,Al, ;As layer with a thickness o1 350 nm, an
In, <Ga, ,As layer with a thickness of 20 nm, a Si-doped
In, ,Al, ;As layer with a thickness of 16 nm, and an
In, <Ga, ,As layer with a thickness of 10 nm are sequentially
stacked on a GaAs substrate. Comparing the electron mobil-
ity values, the followings can be seen: the electron mobaility
values are equivalent between (A) and (B) i each of which
AlGaAsSb 1s used for both the butler layer and the electron
supply layer, and the electron mobility 1n the case of (C) 1n
which InAlGaAs 1s used for the buffer layer and InAlAs 1s
used for the electron supply layer 1s higher than those 1n (A)
and (B). Namely, it can be said that since the effect of the
AlGaAsSb butfer layer 1n the stacked structures (A) and (B)
1s insuificient in comparison with those of the InAlGaAs and
InAlAs butfer layers 1n the stacked structure (C), the electron
mobility 1s low although AEc 1s large.

In addition, according to the configuration described in
Patent Literature 2, an InAlAs intermediate layer exists
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between the InGaAs layer and the Al Ga, ,As Sb,  layer
(0.8=y=1). This brings about a problem that abrupt hetero-
interface 1s hard to obtain.

As described above, a thin film stacked structure with large
AEc, high electron mobility, and simplified element fabrica-
tion process has not been achieved yet.

CITATION LIST
Patent [iteratures

PTL 1: Japanese Patent Laid-Open No. H8-306909 (1996)
PTL 2: International Patent Application Publication No.
W0O2008/007335

Non-Patent Literature

NPL 1: High Performance Devices, 2002. Proceedings, IEEE
Lester Eastman Conference on 6-8 Aug. 2002, pp. 315-
323.

SUMMARY OF INVENTION

The present invention has been made 1n view of such prob-
lems. An objective thereof 1s to provide a semiconductor
device capable of utilizing properties of a high-mobility elec-
tron transport layer by providing a thin film stacked structure
with large AEc, high electron mobility, and simplified ele-
ment fabrication process even 1n a case where the substrate
material and the electron transport layer greatly differ from
cach other 1n lattice constant.

To achieve such an objective, a first aspect of the present
invention 1s a semiconductor device comprising a semicon-
ductor substrate: a first barrier layer on the semiconductor
substrate; an electron transport layer on the first barrier layer
and composed of In_Ga,__As (0<a=1); and a second barrier
layer on the electron transport layer. The first barrier layer has
an In_Al,__As layer. At least one of the first and the second
barrier layers has a stacked structure with an Al Ga,_,
As_Sb, __layer in contact with the electron transport layer and
an In Al, As layer in contact with the Al Ga, LA, Sb,
layer. The stacked structure 1s doped with a donor 1mpur1ty

Moreover, a second aspect of the present invention 1s a
semiconductor device according to the first aspect, wherein
the semiconductor substrate comprises an In,_Al,_ As layeror
anIn Al,__ Ga As layer which has a composition controlled
in such a manner that a lattice constant value discretely or
continuously approaches a value of the electron transport
layer from a value of a semiconductor material of the semi-
conductor substrate.

Moreover, a third aspect of the present invention 1s a semi-
conductor device according to the first or second aspect,
wherein the Al Ga, LA, Sb,__ layer 1n contact with the elec-
tron transport ljglyer 1S doped with a donor impurity.

Moreover, a fourth aspect of the present invention 1s a
semiconductor device according to the third aspect, wherein
the donor impurity is Sn.

Moreover, a fifth aspect of the present invention 1s a semi-
conductor device according to any one of the first to the fourth
aspects, wherein an Al compositiony inthe Al Ga,_ As_Sb,_
layer 1s not smaller than 0.3 and not larger than 0.8.

Moreover, a sixth aspect of the present invention 1s a semi-
conductor device according to any one of the first to the fifth
aspects, the Al Ga, As Sb,__ layer has a thickness of not
smaller than 1 nm and not larger than 100 nm.

Moreover, a seventh aspect of the present invention 1s a
semiconductor device according to any one of the first to the
sixth aspects, wherein a cap layer 1s provided on the second
barrier layer.
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Moreover, an eighth aspect of the present invention 1s a
semiconductor device according to any one of the first to the
seventh aspects, wherein each of the first and the second
barrier layers has a stacked structure having a Al Ga,_,
As_Sb, __layer in contact with the electron transport layer and
a In, Al,_ As layer in contact with the Al Ga,_ As_Sb,__layer.

According to the present invention, at least one of the
barrier layers has the stacked structure with the Al Ga,_,
As_Sb, __layer in contact with the electron transport layer and
the In Al,  As layer in contact with the Al Ga, LAS, Sb,__
layer, and the stacked structure 1s doped with a donor i 1mpu-
rity. It makes 1t possible to achieve a thin film stacked struc-
ture with large AEc, high electron mobility, and simplified
clement fabrication process even 1n a case where the substrate
material and the electron transport layer greatly differ from
cach other 1n lattice constant. Thus, it 1s possible to provide a
semiconductor device capable of demonstrating original
high-speed operation and high sensitivity when a HEMT, a
magnetometer, or the like 1s fabricated.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A 1s a graph illustrating an electron distribution with
small AEc:

FIG. 1B 1s a graph illustrating an electron distribution with
large AECc;

FIG. 2 15 a graph 1illustrating a relationship between sheet
clectron density and normalized electron mobility 1 four
types of thin film stacked structures;

FIG. 3 1s a cross-sectional view showing a multilayer film
structure for fabricating a field-effect transistor according to
the present invention; and

FIG. 4 15 a cross-sectional view showing a high electron
mobility transistor (HEMT) according to the present inven-
tion.

DESCRIPTION OF EMBODIMENTS

In the following description, a semiconductor device
according to the present invention will be described taking a
high electron mobility transistor (HEMT) that 1s one type of
a field-etiect transistor as an example. Nevertheless, the same
applies to semiconductor devices such as field-effect transis-
tors (FETs) and a magnetometer, as long as the spirit of the
present invention 1s satisfied.

(Multilayer Film Structure for Fabricating HEMT Accord-
ing to the Present Invention)

FIG. 3 15 a cross-sectional view showing a multilayer film
structure for fabricating a field-effect transistor according to
the present invention. A first barrier layer 2 1s provided on a
substrate 1, and an electron transport layer 3 1s disposed on the
first barrier layer 2. A second barrier layer 4 and a cap layer 5
are sequentially stacked on the electron transport layer 3.
Common methods for forming a compound semiconductor
can be employed for this multilayer film structure. Molecular
beam epitaxy (MBE), metal organic chemical vapor deposi-
tion (MOCVD), and the like are used.

Any substrate may be used as the substrate 1, but a GaAs
substrate, an InP substrate or a GaP substrate, a S1 substrate
having single-crystal GaAs grown on a surface thereof, a
sapphire substrate, or the like 1s preferable. Above all, a GaAs
substrate 1s particularly preferable since a semi-insulating
high-quality single crystal substrate with a large diameter can
be obtained at low cost. Semi-insulating herein refers to one
having a resistivity of 107 Q-cm or higher.

In a case where a single crystal substrate 1s used, the plane
direction of the substrate 1s preferably (100), (111), (110), or
the like. A plane direction shifted from any of these plane
directions by 1° to 3° may be used. Above all, (100) 15 opti-
mum from the viewpoint of growing a high-quality thin film.
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In order to planarize and clean the surface of the substrate as
in usual practices, a substrate on which a semiconductor
composed of the same material as the substrate 1s grown may
be used as the substrate 1 of the present invention. Growing,
(GaAs on a GaAs substrate 1s a typical example of this.

Furthermore, 1n a case where the substrate 1 and the elec-
tron transport layer 3 greatly differ from each other 1n lattice
constant, the substrate 1 with a buifer layer using a material of
approximate lattice constant to the electron transport layer 3
grown thereon may be used as a substrate 1. Here, the buifer
layer preferably has: (a) a lattice constant approximate to that
ol the electron transport layer 3; (b) a suificiently high resis-
tivity 1n comparison with the electron transport layer 3; and
(c) a flat surface with few defects even 1n a case where the
butiler layer 1s directly stacked on a substrate such as GaAs
having a lattice constant greatly different from that of the
clectron transport layer 3. In conformity with the purposes, 1t
1s possible to use: a graded builer layer the lattice constant of
which changes continuously between the substrate 1 and the
clectron transport layer 3; a step-graded builer layer the lat-
tice constant of which changes discretely therebetween; or
various buller layers that are combinations of these.
Examples of the material of the buffer layer include InAlAs,
InAlGaAs, AlGaAsSbh, and the like. InAlAs and InAlGaAs
are particularly preferable because the element fabrication
process 1s more simplified and high electron mobility 1s
obtained.

The first barrier layer 2 preferably has: (a) a lattice constant
approximate to that of the electron transport layer 3; (b)
suificiently high resistivity in comparison with the electron
transport layer 3; and (c) a flat surface with few defects even
in a case where the first barrier layer 2 1s directly stacked on
the substrate 1. As the first barrier layer 2, In _Al,__As and
Al Ga,_ As Sb,_ . are particularly preferable, and a single-
layer film of each of these materials may be used and also a
stacked structure of an In Al,  As layer and an Al Ga,_,
As_Sb,__layer may be used. The first barrier layer preferably
has the stacked structure of the In Al,_ As layer and the
Al Ga, As_Sb,__layer because the Al Ga, As Sb,__ layer
having a flat surface with few defects can be formed to obtain
high electron mobility. In a case where a stacked structure
having the Al Ga, As Sb,_ layer in contact with the electron
transport layer 3 and the In_Al,__As layer 1n contact with the
Al Ga, As_Sb,__layer is used as the first barrier layer 2, at
least a portion thereof may be doped with a donor impurity.
When doped, the first barrier layer 2 serves as an electron
supply layer.

The electron atfinity ot the Al Ga,_  As_Sb,__layeris lower
than the electron affinity of In,_Al, _As layer. Thus, 1t 1s pref-
erable to dope at least a portion ot the Al Ga,_As _Sb,__layer
in contact with the electron transport layer 3 with the donor
impurity because AEc can be increased.

In this case, any donor impurity may be used, as long as 1t
functions as a donor. However, since Group VI elements such
as Se and Te are high 1n vapor pressure and difficult to handle,
Group IV elements S1 and Sn are preferable when possible.
Nonetheless, since S1 1s likely to serve as an acceptor with
respect to the Al Ga,_As_Sb,__layer, Sn 1s particularly pret-
erable.

A large Al composition y in the Al Ga,_ As Sb, _ layer is
preferable because the larger the Al composition y, the lower
the electron atlinity. However, too large y makes 1t difficult to
control the crystal interface with the electron transport layer,
and moreover causes such device reliability problems that the
Al Ga,_ As Sb,_, layer 1s susceptible to oxidization. Thus,
the Al composition y 1s preferably not smaller than 0.3 and not
larger than 0.8.
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The Al Ga,_,As Sb,_, layer preterably has a thickness of
not smaller than 1 nm and not larger than 100 nm because too
large thickness makes the element fabrication process diifi-
cult.

The electron concentration in the In Ga,  As (0<x=1)
clectron transport layer 3 1s changed with a voltage applied to
a control electrode such as a gate electrode 402 (see FI1G. 4),

and thereby the electrical conduction 1s controlled. A large In
composition X 1n the In Ga,  As (0<x=1) electron transport

layer 3 1s preterable because the larger the In composition x,
the higher the electron mobility to be obtained. Particularly,
the In composition x 1s preferably not smaller than 0.20 and
not larger than 1 for a GaAs substrate, and preferably not
smaller than 0.53 and not larger than 1 for an InP substrate.
With the In composition within such a range, higher electron
mobility can be obtained than that of an electron transport
layer used 1n an existing pseudomorphic-HEMT (a so-called
p-HEMT)1n acase of a GaAs substrate and used 1in an existing
InP-based HEMT 1n a case of an InP substrate. I the electron
transport layer 3 1s too thin, the electron transport layer 3 1s
more likely to be mfluenced by the flatness and defect 1n the
interface. Meanwhile, too large thickness influences the con-
trollability of the control electrode. Thus, the thickness 1s
preferably not larger than 2000 nm, more preferably not
smaller than 2 nm and not larger than 100 nm, and further
preferably not smaller than 5 nm and not larger than 60 nm.

Moreover, the electron concentration in the In Ga,_ As
electron transport layer 3 is preferably not lower than 5x10"’
cm™ and not higher than 5x10'® cm™ because of a high
clectron mobility at such a concentration. Nevertheless, the
clectron concentration 1s appropriately determined based on
the device properties such as sheet resistance and rapid
responsiveness of the semiconductor device. Thus, the elec-
tron concentration 1s not limited thereto.

The second barnier layer 4 preferably has: (a) a lattice
constant approximate to that of the electron transport layer 3;
(b) suiliciently high resistivity in comparison with the elec-
tron transport layer 3; and (¢) a tlat surface with few defects
even 1n a case where the second barrier layer 4 1s directly
stacked on the electron transportlayer 3. As the second barrier
layer 4, In Al, As and Al Ga, As Sb,_ are particularly
preferable, and a single-layer film of each of these materials
may be used. Also, the second barrier layer 4 may have a
stacked structure of an In Al, _As layer and an Al Ga,_,
As_Sb, __layer. It the thickness 1s too small, there 1s an 1nsu-
lation problem. Too large thickness intluences the controlla-
bility of the electron transport layer 3 by the gate electrode.
Thus, the thickness 1s preferably not smaller than 1 nm and
not larger than 50 nm, and further preferably not smaller than
2 nm and not larger than 20 nm.

In a case where a stacked structure having an Al Ga, _,
As_Sb,__layer 1n contact with the electron transport layer 3
and an In _Al, As layer in contact with the Al Ga, As Sb,
layer 1s used as the second barrier layer 4, at least a portion
thereol may be doped with a donor impurity. When doped, the
second barrier layer 4 serves as an electron supply layer.

The electron athinity of the Al Ga,  As Sb, _layer 1s lower
than the electron affinity of the In_Al,  _As layer. Thus, 1t 1s
preferable to dope at least a portion of the Al Ga,_As_Sb,_,
layer 1n contact with the electron transport layer 3 with the
donor impurity because AEc can be increased.

In this case, any donor impurity may be used, as long as it
functions as a donor. However, since Group VI elements such
as Se and Te are high 1n vapor pressure and difficult to handle,
Group IV elements such as S1 and Sn are preferable when
possible. Nonetheless, since S1 1s likely to serve as an accep-
tor with respect to the Al Ga,_ As_Sb,__layer, Sn 1s particu-
larly preferable.

A large Al composition y i the Al Ga,_ As Sb,__ layer is
preferable because the larger the Al composition y, the lower
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the electron affinity. However, too large y makes it difficult to
control the crystal interface with the electron transport layer,
and moreover causes such device reliability problems that the
Al Ga, As_Sb,__ layer 1s susceptible to oxidization. Thus,
the Al composition y 1s preferably not smaller than 0.3 and not
larger than 0.8.

The Al Ga,_ As_Sb,__ layer preferably has a thickness of
not smaller than 1 nm and not larger than 100 nm because too
large thickness makes the element fabrication process diifi-
cult.

The cap layer 5 1s formed on the alorementioned second
barrier layer 4. A main purpose thereol 1s to suppress degra-
dation due to oxidation of alayer under it. Thus, in conformity
with this purpose, any material can be selected. Accordingly,
a semiconductor film, a polymer film, or an nsulating film
can be used preferably. Moreover, the second barrier layer 4
and the cap layer 5 may be formed as a single layer for
achieving both purposes. Nevertheless, normally a semicon-
ductor f1lm 1s used because the layer under the cap layer 5 can
be prevented from being exposed to oxygen 11 the same film
formation procedure 1s performed as those for the electron
supply layer 3 and the second barrier layer 4 described above.
As the semiconductor film that can be used as the cap layer,
the same material as that of the electron transport layer 3 1s
often used, and particularly InGaAs 1s used. The cap layer 5
preferably has a thickness not smaller than 1 nm and not
larger than 50 nm.

Example 1

Here, Example 1 will be described 1n which a multilayer
film structure for fabricating the HEMT according to the
present invention was fabricated.

In fabricating the multilayer film structure, Molecular
beam epitaxy method (MBE method) was employed. First,
while radiated with As, a semi-insulating GaAs (100) sub-
strate was heated to 630° C. and oxygen on the surface was
removed. In this state, the substrate temperature was lowered
to 580° C., and then a GaAs buller layer was grown to a
thickness of 100 nm. Subsequently, after the substrate tem-

perature was lowered to 400° C., an Al,.In Ga, - As
(x=0—0.535) graded buffer layer havmg a thickness ot 1000

nm and an In, <Al .- As bul
250 nm were grown. Further, after the substrate temperature
was raised to 450° C., an In, - Al, .- As layer having a thick-
ness of 100 nm was grown as the first barrier layer 2; an
In, - Ga, ., As layer having a thickness of 20 nm was grown
as the electron transport layer 3; an Al, -Ga, <As, <Sb,, < layer
having a thickness of 4 nm, a Sn delta doped layer, an
Al, Ga, < As, <Sb, < layer having a thickness of 4 nm, and an
In, <sAl, .;Aslayer having a thickness o1 8 nm were grown as
the second barrier layer 4; and an In,, Ga, ,,As layer having
a thickness of 10 nm was grown as the cap layer 3 in the final
sequence.

Here, the Sn delta doped layer 1s a layer formed by being
simultaneously radiated with a dopant Sn and Group V ele-
ments, As and Sb. Since no Group 111 element was radiated,
the doping was performed with no thin film growth progress.
As a result, the thickness of the Sn delta doped layer was as
close as possible to zero, and strictly the thickness was on the
order of several atomic layers. In other words, a Sn doped
Al, -Ga, As, Sb, - layer having a thickness of several
atomic layers was present.

As a result of the hole measurement, the electron mobility
was 10500 cm?®/Vs, and the sheet electron density was 3.19x
10"*/cm”. Thus, very high electron mobility was obtained.

Here, Table 1 shows the film properties obtained by chang-
ing the material of the second barrier layer 4 for comparison.

‘er layer having a thickness of
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Layers written at the leftmost are layers 1n contact with the
clectron transport layer 3, while layers written at the right-
most are layers in contact with the cap layer 5.

TABLE 1
Distance
between
AlGaAsSb and Sheet

electron Electron electron

transport mobility density
Second barrier layer 4 layer 3 (nm) (cm?/Vs) (/em?)
AlGaAsSb (4 nm)/Sn delta 0 10500 3.19E+12
doped layer/AlGaAsSb
(4 nm)/InAlAs (8 nm),
the present invention
InAlAs (2 nm)/AlGaAsSb 2 9800 3.19E+12
(2 nm)/Sn delta doped
layer/AlGaAsSb (6 nm)/
InAlAs (6 nm)
InAlAs (4 nm)/Sn delta 4 9400 3.55E+12
doped layer/AlGaAsSb
(8 nm)/InAlAs (4 nm)
InAlAs (4 nm)/Sn delta 6 8300 3.65E+12
doped layer/InAlAs
(2 nm)/AlGaAsSb (8 nm)/
InAlAs (2 nm)
InAlAs (4 nm)/Sn delta — 8600 3.30E+12
doped layer/InAlAs
(12 nm)

Also from the result shown 1n Table 1, the shorter the
distance between the electron transport layer 3 and the
AlGaAsSb layer, the higher the electron moblhty Particu-
larly, the structure of the present invention in which the
AlGaAsSb layer 1s 1n contact with the electron transport layer
3 showed the highest electron mobility and the eflfect of the
present invention 1s noticeable.

This effect becomes more prominent when the amount of
donor mmpurity doped to the electron supply layer is
increased. In Table 1, 1n the conventional structure 1n which
the second barrier layer 4 was InAlAs (4 nm)/Sn delta doped
layer/InAlAs (12 nm), as the doping amount was increased,
the electron mobility tends to be lowered. For example, by
merely increasing the sheet electron density to 3.67E+12
(/cm”™), the electron mobility was lowered down to 7600 cm”/

Vs. Meanwhile, in Table 1, according to the present invention
in which the second barrier layer 4 was AlGaAsSb (4 nm)/Sn
delta doped layer/AlGaAsSb (4 nm)/ InAlAs (12 nm), even
when the sheet electron density was increased to SE+12
(/cm?), the electron mobility was 10500 cm*/Vs, and a high
clectron mobility was maintained. In other words, both the
clectron concentration and the electron mobility 1n the elec-
tron transport layer can take large values. Such properties
indicate that high electron mobility and low sheet resistance
can be achieved at the same time, and 1deal for fabricating
HEMTs.

From the above, the use of the thin film stacked structure of
the present invention can increase AEcC because AlGaAsSb 1s
used as the electron supply layer. Moreover, since the thick-
ness of the AlGaAsSb layer 1s small, the element fabrication
process 1s also simplified, and high electron mobility can be
obtained.

Example 2

Here, Example 2 will be described in which a multilayer
film structure for fabricating the HEMT according to the
present invention was fabricated.

In fabricating the multilayer film structure, Molecular
beam epitaxy method (MBE method) was employed. First,
while radiated with As, a semi-insulating GaAs (100) sub-
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strate was heated to 630° C. and oxygen on the surface was
removed. In this state, the substrate femperature was lowered
to S80° C., and then a GaAs buller layer was grown to a
thickness of 100 nm. Subsequently, after the substrate tem-
perature was lowered to 400° C., an Al, ..In Ga, - As

(x=0—0.55) graded butfer layer havmg a thickness of 1000
nm and an In, < Al, ,sAs bufler layer having a thickness of

250 nm were grown. Further, after the substrate temperature
was raised to 450° C., an In, ;- Al, .- As layer having a thick-
ness of 90 nm, an Al :Ga, <As, <Sb, < layer having a thick-
ness of 5 nm, a Sn delta doped layer, an Al, .Ga, -As, ;Sb, -
layer having a thickness of 5 nm were grown as the first
barrier layer 2; an In, .,Ga, ., As layer having a thickness of
20 nm was grown as the electron transport layer 3; an
Al, Ga, ;As, <Sb, < layer having a thickness of 9 nm, a Sn
delta doped layer, an Al, ;Ga, <As, <Sb, - layer having a
thickness ot 4 nm, and an In, - Al, .- As layer having a thick-
ness of 8 nm were grown as the second barnier layer 4; and a
Sn-doped In, -.Ga, ,,As layer having a thickness of 10 nm
was grown as the cap layer 5 in the final sequence.

As a result of the hole measurement, the electron mobility
was 9430 cm”/Vs, and the sheet electron density was 6.20x
10'*/cm?®. Thus, very high electron mobility was obtained.

Here, as for the properties when the first barrier layer 2
which was formed of an In, . Al, ,-As layer having a thick-
ness of 95 nm, a Sn delta doped layer, and an In, s Al, ,<As
layer having a thickness of 5 nm, the electron mobility was
90820 cm”/Vs, and the sheet electron density was 6.28x10"*/
cm”.

To be more specific, also 1n the case where the first barrier
layer 2 1s used as the electron supply layer, 1t 1s preferable that
the first barnier layer 2 be formed of an AlGaAsSb layer in
contact with the electron transport layer 3 and an InAlAs layer

in contact with the AlGaAsSb layer because the electron
mobility 1s high.

Example 3

Here, Example 3 will be described in which a multilayer
film structure was constructed for fabricating the HEMT
according to the present invention.

In fabricating the multilayer film structure, Molecular
beam epitaxy method (MBE method) was employed. First,
while radiated with As, a semi-insulating GaAs (100) sub-
strate was heated to 630° C. and oxygen on the surface was
removed. In this state, the substrate temperature was lowered
to 580° C., and then a GaAs buller layer was grown to a
thickness of 100 nm. Subsequently, after the substrate tem-
perature was lowered to 400° C., an Al, ;In Ga,,_ As
(x=0—0.7) graded butler layer having a thickness of 1400 nm
and an In, ,Al, ;As buffer layer having a thickness 01 250 nm
were grown. Further, after the substrate temperature was
raised to 450° C., an In, ,Al, ;As layer having a thickness of
100 nm was grown as the first barrier layer 2; an In, sGa, ,As
layer having a thickness of 20 nm was grown as the electron
transport layer 3; an Al, -;Ga, ,-As, ,Sb, 4 layer having a
thickness of 4 nm, a Sn delta doped layer, an
Al, s,Ga, 1, As, »,Sb, ¢ layer having a thickness of 4 nm, and
an In, Al ;As layer having a thickness of 8 nm were grown
as the second barrier layer 4; and a Sn-doped In, ;Ga, ,As
layer having a thickness of 10 nm was grown as the cap layer
5 1n the final sequence.

The electron mobility obtained based on the hole measure-
ment was plotted in FIG. 2. It can be seen that the effect of the
present mnvention 1s significant because the electron mobility
1s very high 1n comparison with conventional structures.

(HEMT According to the Present Invention)

FIG. 4 1s a cross-sectional view showing the HEMT
according to the present invention. A HEMT 400 includes the
semiconductor substrate 1, the first barrier layer 2 on the
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semiconductor substrate 1, the electron transport layer 3 on
the first barrier layer 2, the second barrier layer 4 on the
clectron transport layer 3, and the cap layer 5 on the second
barrier layer 4.

A source electrode 401 and a drain electrode 403 used 1n
HEMT 400 need to form an ohmic contact with the In Ga, _
As electron transport layer 3 under them. Although there are

various structures for an chmic contact, the ohmic contact 1s
in direct contact with the In, Ga, _ As electron transport layer
3 1n the structure of FI1G. 4.

The In Ga,_ As electron transport layer 3 has a small band-
gap, and an ohmic contact with a low contact resistance 1s
obtained only by bringing an electrode into contact with the
clectron transport layer 3. For this reason, the electrodes can
be formed directly on the surface of the In Ga,_ As channel
layer 3 exposed by sequentially etching the cap layer 5 and the

second barrier layer 4 only at lower portions thereof below the
ohmic electrodes 401 and 403.

In this case, to reduce the contact resistance between the
clectrodes 401, 403 and the In_Ga,__As channel layer 3, alloy-
ing may be carried out; nonetheless, a favorable ohmic con-
tact can be obtained only by deposition. Hence, the electrode
metal may have a known stacked electrode structure includ-
ing a three-layer structure of AuGe/N1/Au, but also may be a
single-layer metal such as Al, T1, Au, and W. A larger number
of combinations are applicable.

It 1s only necessary for the gate electrode 402 to form a
depletion layer therebelow. A method using a Schottky junc-
tion as well as a MIS (METAL-INSULATOR-SEMICON:-
DUCTOR) structure with an insulator interposed between the
gate electrode and the In Ga,_ As electron transport layer 3,
and a PN junction can be utilized. Particularly, as the material
forming the Schottky junction with the second barrier layer 4,
Al T1, W, Pt, WS1, Au, and the like are preferable, or these in
a stacked structure may be used.

The structure of the source electrode 401, the gate elec-
trode 402, and the drain electrode 403 of the present invention
1s only an example, and a gate recess structure 1n which a low
resistance contact layer 1s provided on the surface of the cap
layer 5, or other structures can be fabricated according to the
spirit of the present invention. Other known electrode struc-

tures are also applicable.

The invention claimed 1is:

1. A semiconductor device, comprising:

a semiconductor substrate;

a first barrier layer on the semiconductor substrate;

an electron transport layer on the first barrier layer and
composed of In_Ga,__ As (0<a=1); and

a second barrier layer on the electron transport layer,

wherein the first barrier layer has an In _Al,_ _As layer,

wherein each of the first and the second barrier layers has a
stacked structure with an Al Ga,_ As Sb,  layer in con-
tact with the electron transport layer and an In _Al, __As
layer i contact with the Al Ga,_ As Sb,_ layer, and
wherein the stacked structure 1s doped with a donor 1mpu-

rity.

2. The semiconductor device according to claim 1, wherein
the semiconductor substrate comprises an In,_Al, _ As layer or
an In Al,___Ga As layer which has a composition controlled
in such a manner that a lattice constant value discretely or
continuously approaches a value of the electron transport
layer from a value of a semiconductor material of the semi-
conductor substrate.

3. The semiconductor device according to claim 1, wherein
the Al Ga,_ As_Sb,__ layer in contact with the electron trans-
port layer 1s doped with a donor impurity.

4. The semiconductor device according to claim 3, wherein
the donor impurity is Sn.
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5. The semiconductor device according to any one of
claims 1 to 4, wherein an Al composition y i the Al Ga, _,
As_Sb,__layer 1s not smaller than 0.3 and not larger than 0.8.

6. The semiconductor device according to any one of
claims 1 to 4, wherein the Al Ga, C_f,fxsszl_E layer has a thick-
ness of not smaller than 1 nm and not larger than 100 nm.

7. The semiconductor device according to any one of
claims 1 to 4, wherein a cap layer 1s provided on the second

barrier layer.

12
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